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Accurate method for determining adhesion of cantilever beams
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Using surface micromachined samples, we demonstrate the accurate measurement of cantilever
beam adhesion by using test structures which are adhered over long attachment lengths. We show
that this configuration has a deep energy well, such that a fracture equilibrium is easily reached.
When compared to the commonly used method of determining the shortest attached beam, the
present method is much less sensitive to variations in surface topography or to details of capillary
drying. @S0021-8979~99!00414-4#
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I. INTRODUCTION

Microelectrochemical Systems or MEMS~Ref. 1! are
now being used in selected commercial products includ
airbag accelerometers for automobiles2 and active optical
elements3 for projection displays. Due to their potential fo
low-cost manufacturing, many other microdevice desig
and applications are currently being develope
Microrelays,4 gyros,5 optical switches,6 and security devices7

are just a few examples. However, autoadhesion, or spo
neous sticking between MEMS structures, remains a m
limitation in bringing this new class of engineering devic
to the broader market. MEMS are particularly susceptible
autoadhesion because the structural members:~1! are con-
structed in close proximity to each other~within several
mms!; ~2! are highly compliant due to their extreme lengt
to-thickness aspect ratio; and~3! have large surface-to
volume ratios which increase the relative importance of
hesive surface forces. If the miniature structural members
brought together by surface~capillary, electrostatic! or iner-
tial ~shock, rapid air flow! forces, they may remain adhere
after the external force is removed. Autoadhesion can lea
catastrophic failure of a MEMS device.

From a practical point of view, autoadhesion is known
limit manufacturing yield of silicon-based, surface microm
chined MEMS. In these devices, structural members are
ricated using successively patterned depositions of thin-
polycrystalline silicon~polysilicon! and sacrificial oxide lay-
ers. This manufacturing approach is a direct outgrowth
silicon-based microelectronics. Autoadhesion can occur d
ing the final step of surface micromachine fabrication af
the polysilicon structural elements are rendered mechanic
free by selectively etching away the sacrificial oxide lay
in a hydrofluoric acid solution, which does not dissolve t
polysilicon. During the final stage of drying from the w
etch, capillary menisci form between the released beams

a!Electronic mail: mpdebo@sandia.gov
b!Electronic mail: tamicha@sandia.gov

Web page: http:/www.mdl.gov/Micromachine
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the substrate and can generate forces that collapse the s
tural member onto the substrate. Subsequently, the poly
con material may remain adhered to the substrate after
water dries. The problem is also commonly referred to
‘‘stiction.’’ Numerous efforts have been directed at meas
ing autoadhesion and correlating to chemistry or roughn
of the interface.8–19 A supercritical drying procedure can b
used to eliminate capillary forces during drying and prev
surfaces from coming into contact initially.20 However, this
approach does not address autoadhesion of surfaces
come into contact while devices are in operation. Many co
ing processes aimed at reducing the surface energy of p
silicon have also been explored.8,21–23Even though some o
these coating strategies, particularly those based on si
coupling agents, have shown some promise for improv
manufacturing yield and MEMS performance, their optim
zation requires a quantitative approach for measuring sur
energy directly on micromachined devices. The interact
effects of coating material, roughness, and environmental
ing on adhesion and friction must be understood in orde
guarantee that the effect of surfaces forces on performa
and reliability of micromachines will allow proper operation
of devices over their lifetimes.

A theory and experimental method for measuring s
face energy of micromachined cantilever beams has b
proposed by Mastrangelo and Hsu.10–12They model the role
of capillary forces in bringing beams into contact with th
substrate and determine critical beam lengths for be
collapse.11 As drying continues, the capillary volume dimin
ishes leaving only surface-driven interfacial adhesion. Ad
sion of the dried cantilever beam is predicted by consider
the elastic energy in the deformed beam, which is attemp
to pull the beam up off the substrate, and the surface ene
that is promoting continued adhesion. By considering th
two factors, Mastrangelo and Hsu calculated peel boun12

and the adhered length in the limit where the capillary v
ume vanishes.

Mastrangelo and Hsu10 predict two configurations in
which autoadhered cantilever beams may be found~we will



-
n
p-
ta

re

th
as

d
e

t-

e
a
ro
ho

e
o
a
ud
n

e
to
th
p
fo

re
tu

m
an

rc
e

the
by
um
the

is
an

a-

ec-

the

-
ear
to

e-
ces;

s-
ped
for

us
iven

818 J. Appl. Phys., Vol. 86, No. 2, 15 July 1999 M. de Boer and T. Michalske
subsequently refer to Ref. 10 as MH!. Long beams are ad
hered over a large fraction of their length, and bend into a
shape as in Fig. 1~a!. The nonadhered length from the su
port post to the point at which the beam comes into con
with the substrate iss, and the length of the beamL is sig-
nificantly greater thans. In this article, we assume a fractu
mechanics formalism,24 and calls the crack length. Alterna-
tively, short adhered beams contact the substrate only at
tip, and the beams assume an arc-shaped deformation
Fig. 1~b!. In this case, the crack lengths is very nearly equal
to L.

MH argue that either adhesion geometry can be use
extract a quantitative measure of micromachine surface
ergy. For S-shaped beams, the crack lengths can be used to
determine the apparent surface energy. However, an ou
plane measurement technique is required to determines. Per-
haps because such a method is not commonly availabl
laboratories, MH recommend using the arc-shaped be
Then, using a high-power objective on an optical mic
scope, adhesion energy is determined by observing the s
est beam to remain adhered within an array of beams
various lengths. MH demonstrated the shortest adhered b
approach on polysilicon micromachined beams having b
hydrophilic and hydrophobic nature. Although their me
surements yield surface energy of reasonable magnit
they were not able to distinguish between hydrophilic a
hydrophobic surfaces.

In this article, we examine the adhesion measurem
approach proposed by MH in detail. Using interferometry
measure beam deformations point by point, we extend
experimental measurement to include adhesion of S-sha
beams. By taking this approach we directly address the
lowing outstanding questions:

~1! Do the deformations predicted by MH, which a
subsequently used to calculate strain energy, match ac
beam deflections?

~2! What is the behavior of beams in the transition fro
the S to the arc shape? How are the equilibria for the S-
arc-shaped beams attained?

~3! Are the values for adhesion between S and a
shaped beams equivalent? If not, what factors influence m
sured differences?

FIG. 1. ~a! S-shaped beams (m50) are attached over a long lengthd. ~b!
Arc-shaped beams (m53/2) are attached only very near their tips.
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II. MECHANICS OF ADHERED CANTILEVER BEAMS

A. Beam deformations

The total energy of the adhered beam is a sum of~a! the
elastic energy stored by bending a beam into contact with
substrate, and~b! the surface energy reduction achieved
forming a beam/substrate interface. Solving for the minim
total-energy system allows one to directly determine
equilibrium surface energy. The first step in this approach
a quantitative evaluation of the stored elastic energy in
adhered beam.

In the absence of externally applied forces, the deform
tions for an adhered beam are given by MH as

u~h!5hh2$@m~s!22#h1@32m~s!#%, h5
x

s
, ~1!

whereh is the height of the support post,t is the thickness of
the beam,L is the beam length, ands is the crack length~see
Fig. 1!. The attachment lengthd is the length along which
the two materials are in contact, andd'L2s. The slope
parameterm is defined byu5m(h/s), whereu is the shear
angle of the beam tip. From MH, the functional form ofm
derived from beam shear theory is

m~s!5

16

5 S t

dD 3S t

sD F11
15

32S d

t D
2S E

G2
D G

11
32

15S t

dD 3S t

sD F11
15

32S d

t D
2S E

Gs
D G , ~2!

whereE andGs are the Young’s and shear modulus, resp
tively. E/Gs52(11n)'2.44, wheren50.22 is Poisson’s
ratio for silicon.

For the S-shaped beam,d@t. Consequently,m ap-
proaches zero implying negligible shear deformations at
crack tips. In the limit whens approachesL, m is a strong
function of d, reaching a maximum value of 3/2 for vanish
ing d. The nonzero slope parameter corresponds to sh
deformations induced when adhesive contact is localized
the beam tip.

The assumptions in the MH analysis are:~1! small de-
formations such that linear elasticity applies;~2! a rigid can-
tilever support post and substrate;~3! free slip of the beam
over the substrate;~4! attractive forces that operate only b
tween contact portions of the beam and substrate surfa
~5! no residual strain~curvature! in the beam; and~6! per-
fectly smooth beam and substrate surfaces.

B. Mechanical equilibrium

In this section, we extend the analysis of MH to inve
tigate the mechanical equilibria of the S- and arc-sha
cases. We shall find that the energy well is much deeper
the S-shaped than the arc-shaped deformation and thatm can
only take on values near 0 or near 3/2.

Using the deformation characteristics from the previo
section, the elastic strain energy in an adhered beam is g
by

UE5
EI

2 E
0

sS d2u

dx2D 2

dx5
6EIh2

s3 S 12m~s!1
m2~s!

3 D , ~3!
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FIG. 2. ~a! UT andm vs s for L5400 mm andG53.66 mJ/m2. Local minima exist ats1* ands3* . The minimum inUT is approximately27 pJ. ~b! At L
5275 mm, the relative values ofUT at s1* ands3* have changed.~c! At L5242.3mm, the extrema ats1* ands3* have merged intos12* . ~d! Close up of~c!
in the vicinity of s3* . The minimum inUT at s3* is only 10 fJ.
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whereI 5wt3/12 is the beam moment of inertia. Equation~2!
shows that as the crack lengths decreases, the stored elas
energy increases. The surface energyUs is

Us52Gw~L2s!, ~4!

whereG is the energy of adhesion per unit area. The surf
energy term is negative because energy is reduced when
faces come into contact. For clean smooth surfaces, w
are reversibly separated, we expect the adhesionG52g,
where g is the surface energy of the material in questio
Because the beam and substrate are made of the same
rial, no separate interfacial energy exists and the adhe
energyG is simply twice the surface energy. In actual micr
machined beams, factors such as surface roughness and
illary condensation must be considered when evaluating
effective surface energy.

The total system energyUT is the sum of the elastic
strain energy and the adhesive surface energy:

UT5UE1US5
6EIwh2

s3 S 12m~s!1
m2~s!

3 D2Gw~L2s!.

~5!

System equilibrium is determined by stable values ofUT

defined by

dUT

ds
50, ~6a!
e
ur-
ch

.
ate-
on

ap-
e

and

d2UT

ds2 .0. ~6b!

To characterize the system equilibrium, we determ
stable values ofUT for various length beams assuming
fixed value ofG. A straightforward method to solving Eq.~6!
is by the graphical method. It is necessary to eliminated
from Eq. ~2! usingd'L2s. Then, Eq.~2! can be rewritten
as

m~s!5
A~s!

11~2/3!A~s!
, ~7!

whereA(s) is defined in terms of known constants and va
ables as

A~s!5
16

5 S t

L2sD
3S t

sD F111.144S L2s

t D 2G . ~8!

Using Eqs.~5!, ~7!, and~8!, we plot in Fig. 2UT vs s for
various values ofL assumingG53.66 mJ/m2, t52.3 mm,
h51.8mm, andw520 mm ~reflecting the data for hydropho
bic samples in Sec. III below!. The state in which the system
will reside is the lowestreachableminimum for UT after
drying. In Appendix A, we estimate two characterist
lengths,L tip,0 andL tip,c . The former is the minimum length
beam which will be brought into contact with the substrate
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an angle of 0° as its tip, while the latter is the shortest be
which will be brought into contact at an angle greater th
0°. The reachable minimum, after drying is complete, d
pends on the shortest value ofs5smin achieved while exter-
nal forces pull the beam into contact with the substrate.
seen in Appendix A, this depends on both the surface ten
of the liquid as well as its contact angle with the substrate
this example, we shall takesmin5Ltip,05200mm for S-shaped
beams, reflecting a receding contact angle during the dry
process ofucr580°.

Figure 2~a! is a graph ofUT andm vs s for L5400mm.
For small s, UT grows large due to bending strain ener
UE , while m is near 0. Note thatm ~plotted on a logarithmic
scale! is not exactly 0 because the theory accounts for be
shearing at the crack tip, which exists to a small degree e
for the S-shaped beam. For larges, UT increases becaus
surface energyUS becomes substantial. However, ass→L,
m rapidly begins to increase towards 3/2, reflecting
change from the S to the arc shape. A commensurate
crease inUE occurs, and is manifested as a local minimum
UT . Regarding stability, ats1* 5229, s2* 5398.2, ands3*
5399.76mm, Eq. ~6a! is satisfied, but Eq.~6b! is satisfied
only at s1* 5229 ands3* 5399.76mm (s* refers to the local
extrema!. The absolute system minimum inUT of 27 pJ is
at s1* 5229 mm with m50. It is approached and reache
from the left-hand side because, before drying,smin,s1* . The
local minimumUT at s3* 5399.76mm is not reachable. Fo
long beams such as in Fig. 2~a!, the fracture equilibrium is
stable due to the relatively deep well of 8 pJ ats1* , and is
independent of beam length. Note that ifsmin were greater
thans1* , as large as;390 mm, the same equilibrium would
be achieved as the sample dries. Then, the equilibrium
reached from the right, but the same equilibrium is fou
because of the depth of the energy well arounds1* .

In Fig. 2~b! the plot is repeated atL5275 mm, where
important details have changed. The value ofUT52.2 pJ at
s1* has increased because the relative contribution of the
face energy termGw(L2s1* ) has decreased. There are aga
two values ofs* for which both Eqs.~6a! and ~6b! are sat-
isfied, namely, ats1* 5229 ands3* 5274.80mm. The system
minimum is now ats3* . It is not reachable fromsmin because
of the energy barrier of about 0.8 pJ ats2* relative tos1* .
Therefore, the system remains in the local minimum ats1*
with m50 when drying is complete. The energy well ats1*
is now much more shallow than in Fig. 2~a!, 0.5 pJ. Yet, if
smin were greater thans1* , as large as;270 mm, the same
equilibrium would be achieved from the right ofs1* .

As seen in Fig. 2~c!, the local minima ats1* and s2*
merge asL decreases to 242.3mm. Now there are only two
values ofs which satisfy Eq.~6a!, namely, ats12* '233 mm
ands3* 5242.12mm. Of these, only the latter value satisfi
Eq. ~6b!. The value ofs12* '233 mm has increased slightly
above the earlier value ofs1* 5229mm at this transition point
because the contribution of surface energy continues to
minish. The system minimum ats3* is now reachable, but the
value ofm changes dramatically from nearly 0 to nearly 3
The energy well ats3* is now exceedingly shallow, only
;0.01 pJ, as can be seen in Fig. 2~d!.

The disappearance of the stable minimum ats1* implies
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an abrupt transition inm from 0 to 3/2 asL decreases. Physi
cally, it can be related to the high stored strain energy in
S-shaped beam relative to the arc-shaped beam. Conside
free-body diagram in Fig. 3. To maintain the S shape
significant moment resulting from the adhesion over the
tachment lengthd develops at the crack tip. Whend becomes
too short, the beam snaps to the arc shape because it i
ergetically accessible. The required moment arm reduces
value very near 0, andd dramatically decreases from 9.3 t
0.2 mm.

As L decreases further, the beam no longer comes
contact at a slope ofm50 for L,L tip,05200mm. As shown
in Appendix A, the tip is still brought into contact forL
.L tip,c5115.6mm. Therefore, the beam remains adhered
its tip with m'3/2 after the capillary dries. However, atL
5161.9 mm, the shallow energy well ats3* disappears and
the attachment lengthd vanishes. Note that the deflection
are equivalent to the case of point loading for arc-sha
beams whenm→3/2. Therefore, as the capillary drop at th
beam tip dries forL,161.9mm, the beam should pop off i
the adhesion is equivalent for S and arc-shaped beams.

C. Adhesion

From a fracture mechanics perspective,24 a crack driving
force is derived from the strain energy release rateG defined
as

G52
1

w

dU

ds
. ~9!

Here, the rate refers to changing values ofs. The adhesion is
determined when the strain energy release rateG equals the
crack resistance or adhesionG, i.e.,

G5G. ~10!

This is identical to the condition~6a! above. Combining Eqs
~3! and ~10! results in

G5
Et3h2

2 H ~3s24!Fm2~s!

3
2m~s!11G

1~s23!
dm~s!

ds F2m~s!

3
21G J . ~11!

Knowing E, t, andh, G can in principle be determined fo
any adhered beam by measurings, m, anddm/ds. As seen
from the discussion of equilibrium above,m can take on
values only very near 0 or very near 3/2. For beams adhe

FIG. 3. Free-body diagram for an S-shaped beam. The force and mo
are provided by the support post on the left-hand side. On the right-h
side, the moment and tensile force develop due to adhesive forces. Whe
attachment lengthd becomes too short, the S shape can no longer be m
tained.
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in the S shape,m is slowly varying, and hence,dm/ds can be
taken to be 0. Regarding beams adhered in the arc shape
difficult to experimentally determine a value fordm/ds. The
exception is for the shortest adhered beam in the arc sh
where again,dm/ds is 0. Therefore, practically speaking, a
adhesion measurement for arc-shaped beams is only pos
for the shortest adhered beam. Hence, the two limiting ca
of Fig. 1 give rise to the expressions

G5
3

2 S Et3h2

s4 D , for m50, ~12a!

and

G5
3

8 S Et3h2

s4 D , for m53/2. ~12b!

Here, Eq.~12a! applied to any beam of sufficient length
while Eq. ~12b! applies only to the shortest adhered beam

S-shaped beams with long attachment lengthd are al-
ways free to approach the equilibrium adhered state;
subsequent to a perturbation on the system which forcs
from its equilibrium value,s1* can be reached whethers
.s1* , or s,s1* . In fact, the situation for larged is very
similar to Obreimoff’s early fracture mechanics experimen25

in which the fracture energy of mica was determined fro
interferometric measurements. Note that the situation for
~12b!, although most commonly used to report adhes
measurements in micromachining9,10,15–17,26or to compare
calculations to data,27,28 is precarious at best. This is becau
the depth of the energy well, already exceedingly small
the arc-shaped beams, approaches zero for the shortes
hered beam. In other words, the equilibrium for smalld is
not always accessible; i.e., ifs grows to be larger thans3* ,
the beam will pop off and an adhesive equilibrium can
longer be found. We now proceed to the measuremen
deformations and equilibrium adhered lengths for a range
cantilever beam geometries.

III. EXPERIMENTAL METHODS AND RESULTS

A. Specimen fabrication and surface treatment

Our micromachined structures were fabricated with o
photolithographic mask level. First, anh51.8mm oxide was
deposited on single-crystal^100&-oriented silicon. At52.3
mm layer of polysilicon~as measured by a multiwaveleng
interferometer! was deposited at 600 °C and then anneale
1100 °C to relieve residual stresses. Cantilever beams o
mm width were defined in an array of increasingL with
increments of 2mm from 10 to 100mm, and with increments
of 5 mm from 100 to 500mm. The beam support was define
by making the polysilicon wider in this area. The samp
were placed in a controlled time HF acid etch such that
oxide under the beams was removed, but remained unde
support posts. The samples were next transferred to de
ized water, immersed in hydrogen peroxide to form a t
silica layer, and then transferred back to deionized wate

One set of samples was removed from the water
dried in air for two days or more. We shall refer to the
as the hydrophilic samples. The other set was treated
a molecular coating of octadecyltrichlorosilan
it is
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CH3~CH2!17SiCl3 ~ODTS!. We shall refer to these as th
hydrophobic samples. ODTS has been investigated a
promising molecule for minimization of adhesion
MEMS.8,22,29,30The head group of the organosilane is hydr
lyzable, which facilitates the formation of covalent siloxa
bonding to the substrate hydroxyl groups as well as betw
neighboring silane molecules to form a well-attached or
nosilane layer.31 Meanwhile, the CH3 tail groups exposed to
the surface exhibit low surface energy~;20 mJ/m2), and are
hydrophobic ~contact angle;110°!. Following the recipe
prescribed in Ref. 22, the specimens were transferred f
water to isopropanol to isoctane, a series of solvents
which the next is miscible with the previous. The specime
were next submersed in a 1 mMODTS solution of 4:1 hexa-
decane:chloroform for 30 min, during which the ODTS mo
ecules deposit on the polysilicon surfaces. The specim
were then transferred back to the solvents in reverse or
and finally, removed from water and air dried.

B. Measurement procedures

To make quantitative measurements of beam defor
tions and adhered length, we equipped our Leitz Orthop
optical microscope with a Michelson interferometric attac
ment and green light monochromator~547 nm as character
ized by spectrum photometry!. To ensure minimal error due
to tilt, background fringes were aligned parallel with th
length of the beams using the tilt adjustment of the refere
surface. Interference fringe intensity was recorded with
charge-coupled device camera, and subsequently, anal
using a standard image processing program.32 Linescan in-
tensities along the length of adhered beams were conve
into u-deflection versusx-position data using a compute
program. An absolute deflection accuracy of about 50
~across the entire beam!, and a relative accuracy~pixels near
each other! of about 10 nm resulted. The spatial resolution
our 203 objective was about 1mm. Measurements of beam
height versus distance along the beam were used to as
the adhered beam length and to provide a direct compar
with beam deflections predicted from elasticity theory.

C. Experimental results

1. Hydrophilic beams

Measured deformations and adhered length for a hyd
philic beam of lengthL5365 mm are presented in Fig. 4
Figure 4~a! is an optical interferometric image showing thre
such adhered beams. Intensity versus position data fro
linescan taken along the beam designated by a white lin
Fig. 4~a! are plotted in the graph of Fig. 4~b! ~right-handy
axis!. The beam comes into contact with the substrate at
point where the linescan flattens out, atx5172.4 mm (u
51820 nm!. From the linescan data,u deformations were
computed and are plotted as a solid line referenced to
left-hand axis of Fig. 4~b!. For comparison, predicted defo
mations for the extremes ofm50 andm53/2, using Eq.~1!,
are also plotted using dashed lines. It is seen that the ac
deformations agree well with those predicted for the c
m50, consistent with the S-shaped deformation for bea
adhered over a significant fraction of their length. Usi
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measured values ofs1* 5172.4mm, h51800 nm,t52.3mm,
and assumingE5170 GPa,33 an adhesion value ofG511.3
mJ/m2 was calculated using Eq.~12a!.

Adhesion measurements on various length beams w
made to determine the range over which deformati
matched the casem50. For sufficiently long beams, th
agreement was excellent. However, as the beam length
proached the value of 175mm, a transition to them53/2
deformation was observed. For beams shorter than 175mm,
the value ofm toggled between 0 and 3/2. An example
this behavior is seen in Fig. 5. In the interferometric image
Fig. 5~a!, the 140mm long beam designated by the whi
lines has fringes out to its tip, indicating an arc-shaped be
geometry. Figure 5~b! shows good agreement with them
53/2 deformation condition. The 145mm beam, just below
the designated beam, does not have fringes out to its tip.
measured deformation on the 145mm beam agrees well with
them50 beam deformation. All beams of less than 145mm
length remain adhered with an arc shape.

The shortest value ofL for which beams remained ad
hered was 58mm. If Eq. ~12b! is used to quantifyG for this
case, the result is thatG5222 mJ/m2. However, as seen in
Fig. 6 ~for the case of a 68mm long beam!, the measured
deformations lie somewhere between that predicted by
m50 andm53/2 limiting conditions. This change in defor
mation behavior is due to the compliance of the step-up p
which is expected to be non-negligible for beams below 1
mm in this geometry.34 Compliance in the step-up post re

FIG. 4. ~a! Interferogram of several long beams subjected to hydroph
treatment.~b! Linescan across the beam adjacent to the white line of~a!, and
conversion tou(x) deflections, which compare well with the deflection
from MH for S-shaped beams.
re
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duces the strain energy that is stored in the beam, and he
the calculation for adhesion according to Eq.~12b! requires a
correction. Although a much smaller effect, the step-up p
compliance is also nonzero for the case of S-shaped be
Fig. 4. In Appendix B, we use the measured slope at
beginning of the beam and match the actual beam defor
tions to account for the step-up post compliance in both
S- and arc-shape cases. The correction decreasesG from 11.3
to 9.4 mJ/m2 for the S-shaped beams, and from 222 to
mJ/m2 for the arc-shaped beams. Note that adhesionG re-
mains a factor of 10 different even after this correction.

A summary of the results for untreated beams is plot
versus beam length in Fig. 7~a!. The left-hand axis displays
values ofG while the measured slope parameter is referen
to the right-hand axis. For long beams in them50 condition,
the variation inG reflects beam-to-beam differences in loc
adhesion. The average and standard deviation for meas
adhesion energies for S-shaped beams are reported in Ta
~row 1!.

2. Hydrophobic beams

Even though our ODTS-coated beams had a meas
contact angle of about 105°, capillary action from drying w
still able to pull beams into contact with the substrate. W

c

FIG. 5. ~a! Interferogram of shorter beams subjected to hydrophilic tre
ment.~b! Deflections of beam adjacent to the white line compare well w
the MH calculations for arc-shaped beams. The beam below remains in
S shape.
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are certain attachment occurred during drying because be
were observed to be free under an optical microscope
before being removed from water. We believe that this re
is explained by the observation thatreceding contacting
angles are often observed to be smaller than advancing
tact angles, a phenomenon known as contact-an
hysteresis.35 Further confirmation of this stems from an e
periment in which we performed video microscopy of dryi
of previously adhered ODTS beams. Thisin situ drying ex-
periment was conducted without interferometry in order
allow sufficient free-working distance between the water a
the microscope objective. Out-of-plane deflections could s
be observed because green light is weakly transmitting
polysilicon, giving rise to a weak but observable contra
Although a drying front of water moving across the surfa
was observable in one video frame and had disappeare
the next 30 ms later! due to its rapid velocity over the hy
drophobic surface, water remained microscopically in the
cinity of the beams for a full second, and clearly pulled t
beams further in. ODTS density on the substrate surfac
known to be a strong function of deposition conditions.36 We
hypothesize that because the ODTS film did not attain m
mum density in our deposition, the adhesion-controlling
ceding contact angleucr was less than 90°.

For long ODTS-treated beams, we observed again ex
lent agreement with deformations predicted for them50
condition yielding ans1* of 225 mm. This adhesion length

FIG. 6. ~a! Interferogram of short beam~ L568 mm! subjected to hydro-
philic treatment.~b! Deflections which compare poorly with the MH calcu
lations for arc-shaped beams due to significant support-post complianc
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corresponds to an adhesion energy ofG53.9 mJ/m2 using
Eq. ~12a!. By making a correction as reported in Table I
the value is reduced to 3.6 mJ/m2. The transition fromm
50 to m53/2 was abrupt atL5250 to 245mm; no toggling
between the values ofm was apparent. The shortest adher
beam was atL5120mm. Compared to the hydrophilic cas
the measured deformation conformed well with the a
shape, indicating that compliance in the step-up post is sm
Using Eq. ~12b! results in an adhesion value ofG512.1
mJ/m2. The correction as reported in Table III now reducesG
only to 9.5 mJ/m2. Note that this value remains approx
mately three times larger than that obtained with beams
hered in the S-shaped geometry. The results are summa
in Fig. 7~b!, and the average and standard deviation S-sha
beams is tabulated in Table I. Note that the average valu
G is approximately five times lower for the hydrophobic th
the hydrophilic beams.

FIG. 7. ~a! AdhesionG and slope factorm vs beam lengthL for hydrophilic
treatment. The value of the shortest arc-shaped beam is approximatel
times higher than the S-shaped beams.~b! Hydrophobic treatment. The
value of the shortest arc-shaped beam is approximately three times h
than the S-shaped beams.

TABLE I. G for S-shaped beams (m50).

Treatment G (mJ/m2) s s/G

Hydrophilic 16.5 8.2 0.5
Hydrophobic 3.4 0.5 0.16
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IV. DISCUSSION

In this section we use our experimental results to add
each of the questions that we posed in Sec. I.

~1! Are the predicted beam deflections valid for micr
machined beams?

Using interferometry, we have carefully compared act
beam deformations against those assumed in the mod
MH. For adhered beams which come into contact with
substrate beyond 120mm from the support post, we find tha
the deformations match those of MH quite well. Howev
we find that the arc-shaped beams with hydrophilic surfa
yield deformations that are considerably different that p
dicted by the simple model. The explanation is that the
formation model assumes a rigid support post, while the
tual micromachined beams have more complex a
compliant support-post geometries. In our processing
proach, undercutting of the rigid support post occurs dur
the release etch and contributes additional compliance to
beam structure. In Appendix B, we showed how the effec
compliance could be evaluated. Other fabrication approac
for support posts, such as that used by MH, avoid the un
cutting problem but also involve inherently complia
support-post structures.

Our results show that support-post compliance errors
crease as the actual adhesion energy increases. This s
reflects the increased torque generated by a larger adh
force at the adhered end of the beam. Although support-
compliance is most apparent for the shortest adhered be
close examination of Figs. 4~b! and 5~b! suggests that som
support-post compliance may be responsible for the sm
discrepancy between the measured and predicted defo
tions in the S-shaped configuration. MH suggest that the
fect of support-post compliance on the measured adhe
energy can be removed by plotting the detachment lengt
a function of beam dimensions. In order to implement t
approach one must independently vary the support-p
height and beam thickness. However, the processing mo
cations needed to independently vary the beam dimens
are difficult to achieve and may themselves lead to intrin
changes in the curvature of the polysilicon or surface rou
ness that can also influence the measured adhesion en
For this reason it is best to directly confirm the nature
deflections of the adhered beams and make correct
which account for the step-up post compliance. We h
carried out this procedure as outlined in Appendix B.

TABLE II. Values for L tip,c andL tip,0 vs ucr .

L tip,c L tip,0

ucr ~mm! ~mm!

0 74.6 129.3
30 77.4 134.0
60 88.8 153.7
80 115.6 200.3
85 137.4 237.9
89 205.3 355.7
89.9 365.1 632.4
89.99 649.3 1124.6
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~2! What is the behavior of beams in the transition fro
the S shape to the arc shape? How are the equilibria for
S- and arc-shaped beams attained?

The equilibrium mechanics in Sec. II B suggest th
there should be an abrupt transition lengthLTr at which the
transition from S- to arc-shaped beams occurs. The value
LTr can be determined quantitatively by carrying out the e
ercise in Sec. II B, based on knowing the value ofG for
S-shaped beams. For the hydrophilic case, we calculateLTr

5174.5mm, while as shown in Sec. II B,LTr5242.3mm for
the hydrophobic case. Figure 7 confirms that this behavio
observed experimentally, and is in excellent quantitat
agreement with the calculations forLTr . For the hydrophilic
films, the transition length occurs from 180 to 140mm, while
for the hydrophobic beams the transition occurs from 250
245 mm. The larger range of the transition observed expe
mentally in the hydrophilic compared to the hydrophob
case is due to larger local differences in adhesion. Note
the ratio of standard deviation to average adhesion
S-shaped beams,s/G, is 0.45 for the hydrophilic beams ver
sus 0.16 for the hydrophobic beams. Because the ratio
proaches one half, it is not surprising to observe that
transition length varies in the hydrophilic case. Hence, a n
abrupt value ofLTr indicates that adhesion is not well con
trolled locally.

How are the equilibria for the S- and arc-shaped bea
attained? For the hydrophilic case, the shortest beam
tached is 58mm. According to the calculations outlined i
Appendix B, this beam is effectively 73mm long when the
step-up post compliance is considered. Therefore, fr
Table II the receding contact angleucr of the drying water
must be near 0° in the hydrophilic case, because thenL tip,c

;75 mm. Furthermore, from Table II, forucr50°, L tip,0

;130 mm. Recall thatLTr5174.5mm for this case. We hy-
pothesize the following occurs during the drying proce
Long beams withL.LTr are pulled in to a valuesmin

;Ltip,05130 mm when the capillary exerts its maximum
force. Because adhesion energyG510 mJ/m2 is much
smaller than 2g cos(ucr)5146 mJ/m2, surface energy exert
only a weak subsequent effect, and therefore,smin is only
slightly less thanL tip,0 . However, becauses1* 5172.4 mm,
the equilibrium is approached from the left as the liquid dr
~i.e., smin,s1* !. Intermediate length beams withLTr.L
.L tip,0 are also pulled into the S shape by capillary actio
The beam gradually reverts to the arc shape as the capi
dries, because capillary forces remaining over part of
beam will keep it in contact with the substrate. Finally, f
short beams withL,L tip,0 , the beam never attains the
shape. These remain adhered at their tip, however, as dr

TABLE III. Corrected values ofG.

Treatment Beam shape s ~mm!
Uncorrected
G (mJ/m2)

Corrected
G ~mJ/m2!

Hydrophilic Arc 58 222 91
S 172 11.3 9.4

Hydrophobic Arc 120 12.1 9.5
S 225 3.9 3.6
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progresses. In effect, any beam which contacts the subs
as its tip remains in contact. This is equivalent to the as
tion by Abe and Reed.13 To confirm this hypothesis,in situ
drying experiments under interferometric conditions are
quired.

For the hydrophobic case,ucr is at most 82° from Table
II, such that beams of lengthL5120 mm are pulled into
contact with the substrate. Therefore,L tip,0;210 mm. Sur-
face energy due to capillary force is now 2g cos(ucr)
520 mJ/m2. This remains larger than surface energyG53
mJ/m2, smin is again only slightly less thanL tip,0 . The drying
sequence is qualitatively similar to the hydrophilic case
the long, medium, and short length beams.

~3! Are the values for adhesion between S- and a
shaped beams equivalent? If not, what factors influence m
sured differences?

Using corrections as outlined in Appendix B, we we
able to directly compare the adhesion energy as determ
by the conventional shortest attached beam method an
our adhered length approach. We found a significant disc
ancy between the results produced by the two methods,
tors of 10 and 3 for the hydrophilic and hydrophobic cas
respectively. Therefore, the values measured by the
methodsare not equivalent. Before we address difference
between measurement approaches, it is important to un
stand the absolute values obtained. For this purpose, we
sider the hydrophilic samples that were treated only w
hydrogen peroxide before drying from DI water. This tre
ment results in beam and substrate surfaces that are cov
by a thin layer of hydrophilic SiO2. In a previous report,37 we
showed that the adhesion energy for silica-covered surfa
is controlled by the inherent roughness of the polysilico
For perfectly smooth, wetted surfaces one predicts
measures38 an adhesion energy that is twice the surface
ergy of water (gwater573 mJ/m2), or about 146 mJ/m2. In
the case of rough surfaces, the apparent adhesion ca
more than an order of magnitude lower due to the limi
area of actual contact between surface asperities, and
adhesion increases exponentially with relative humidity37

This helps us to understand whyG is much lower than
2gwater for the hydrophilic beams. Of course, at saturati
humidity conditions liquid is expected to fill the entire regio
surrounding individual asperities and lead to adhesion va
comparable with smooth surface conditions.

Because surface roughness can play a significant fa
in the apparent adhesion energy, one might ask whethe
differences observed between measurement techniques
also be due to factors associated with surface roughness
fact that the actual surface roughness was the same fo
beams argues against this notion. However, the contact
ometry is quite different for the S- and arc-shaped bea
S-shaped beams make contact with the substrate ov
length that is large compared with the scale of the surf
roughness. Such a geometry closely approximates the p
lel contact of extended surfaces that has been the topi
previous studies of rough surface contact.39 When the area of
contact is much greater than the scale of roughness,
appropriate to use a statistically averaged measure of su
topography. Alternatively, arc-shaped beams make con
ate
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only over microscopic lengths. As seen in Fig. 2~d!, a beam
which has just made the transition from the S to the
shape is adhered over;200 nm. However, the shortest ar
shaped beams will be adhered only over a few tens of
nometers according to the MH calculations. The atomic fo
microscope linescan in Fig. 8 shows that the period of ma
asperity peaks on these surfaces~;1 mm! is greater than the
predicted length of contact at the tip of the beam. In t
situation it is clear that statistical models for true contact a
will not be reliable. Given this large difference in conta
geometries for the two measurement approaches, it is
hard to believe that the actual contact in the vicinity of t
crack tip will also be significantly different for each beam
This actual contact area cannot be explored through di
measurement techniques. It will be interesting in the fut
to apply numerical techniques such as those developed
Tian and Bhushan40,41 to model the actual area of contact fo
the two contact geometries. Perhaps such estimates c
help quantify the effect of roughness on a real contact.

A second effect that may also contribute to the obser
difference between apparent adhesion values is related to
drying process itself. As water evaporates from the con
region of arc-shaped beams, impurities will necessarily c
centrate in the capillary drop at the tip of the beam. In t
limit as the capillary volume vanishes, impurities or solub
ity products may actually precipitate and lead to the poss
formation of a porous solid network in the vicinity of the ti
of the beam. Previous fracture mechanics measureme42

have shown that precipitation of soluble silicates can supp
stress across solid silicate interfaces. In this scenario,
effective contact area can become much larger than the
culated value leading to an overestimate of the surface
ergy. Again, the extremely small contact region in the a
shaped beam makes this measurement approach
sensitive to the nature and size of the contact region. Al
natively, S-shaped beams with their extended adhesive in
face are expected to be much less sensitive to such effe

While the S-shaped beam gives a more reliable value
adhesion than the arc-shaped beam, the latter is of great p
tical significance. This is because the shortest beam to ad
will always limit the use of MEMS devices. Two
dimensional meniscus effects on the sticking of arc-sha
beams were discussed in Refs. 13 and 14. Narrow-width
shaped beams are less likely to stick than wide arc-sha
beams, possibly due to meniscus effects.43 More work will

FIG. 8. Atomic force microscope linescan of the bottom side of a polys
con cantilever beam.
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be necessary to elucidate the full three-dimensional natur
capillary drying and its interplay with adhesion.

V. SUMMARY AND CONCLUSIONS

We have explored in detail the deformations and ad
sive equilibria of micromachined cantilever beams. Our su
mary and conclusions are as follows:

~1! The deformations for adhered beams were measu
by interferometry for arc- and S-shaped beams, and foun
agree to first order with the elasticity calculations of M
This verifies that for long beams~.120 mm for our geom-
etry!, the strain energies calculated by MH are appropriate
making adhesion calculations. Discrepancies were signific
for adhered beam lengths less than 120mm, and could be
explained and modeled by nonzero support-post complia

~2! An abrupt transition from an S- to an arc-shap
beam asL decreases was predicted theoretically, and
served experimentally. This is explained by the disappe
ance of a local minimum ats1* of total system energyUT as
L is decreased. Excellent agreement between calculat
and experiment for the transition lengthLTr was obtained by
using the value for adhesionG for S-shaped beams. Thi
suggests that the value ofG for S-shaped beams controls th
transition length, rather than the value ofG for arc-shaped
beams.

~3! Adhesion is best measured on S-shaped cantile
beams which impose a deep energy well and good frac
mechanics equilibrium. When compared to the method
determining the shortest adhered beam in an array of be
with a high-power objective, measurement of a sin
S-shaped beam by interferometry permits a much sma
area to be occupied to obtain adhesion values. This is v
able because of the expense of real estate area in a M
device. S-shaped beams also provide much higher resolu
on adhesion than the method of determining the shortest
hered beam. Adhesion statistics are obtained in a straigh
ward manner by measuring several S-shaped beams in
proximity.

~4! The apparent adhesion calculated for the shortest
shaped beam can be different from the adhesion for S-sh
beams. The probable reason is that the attachment lengd
for arc-shaped beams, calculated from beam theory but
possible to confirm experimentally, is incorrect. Due to s
tistical variations in roughness, the contact area sampled
the crack tip of the arc-shaped beam may be smaller or la
than that sampled by the crack tip of the S-shaped beam
the beam is dried from a liquid environment in which cap
lary action has brought it in contact with the substrate,
effective contact area is very likely larger than the calcula
value, giving rise to an anomalously high value of adhesi

We have demonstrated that the S-shaped cantile
beam configuration should be adopted for detailed studie
adhesion forces in surface micromachining. This meth
gives great latitude in measuring autoadhesion because
equilibrium is deep and easily attainable from either side
the equilibrium. Studies such as the effect of environment
autoadhesion are readily adapted to this method.37 With in-
terferometry, the crack lengths is well resolved, and there
of

-
-

ed
to

in
nt

e.

-
r-

ns

er
re
f

ms
e
er
u-
S

on
d-
r-
se

c-
ed

-
-
by
er
If

e
d
.

er
of
d
the
f
n

fore, adhesion is accurately assessed. While surface m
machined structures were used as test samples h
S-shaped cantilever beams may be used to appropria
measure adhesion at smaller and larger scales.
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APPENDIX A: DETERMINATION OF CHARACTERISTIC
BEAM LENGTHS L tip,0 AND L tip, c

Capillary action exerts negative pressure on a beam
seen in Fig. 9. A complete understanding of the drying pr
lem requires a three-dimensional analysis13 and is beyond the
scope of this work. However, a reasonable analysis for ch
acteristic beam lengths for the casew@h from which we can
gain some insight into the strength of the capillary liquid
provided in this appendix.

For a given capillary force, we wish to determine th
length of the shortest beam,L tip,0 , for which the beam tip
makes a shear angleu50 at some point during the drying
process. For any beam of length greater thanL tip,0 , surface
energy will cause the crack length to become shorter t
L tip,0 during the drying process. Beams shorter thanL tip,0

cannot reach the S-shaped configuration. We need to s
for the beam deflection when the capillary extends from
support post to the tip of the beam. In this situation, the be
is uniformly loaded by a forceq, as in Fig. 9. A point reac-
tion P at the beam tip opposes this force, Fig. 9.

From the beam theory, the beam is in contact with
substrate if

w~L !5
qL4

8EI
2

PL3

3EI
5h, ~A1!

and is at an angleu50 at its tip if

qL3

6EI
2

PL2

2EI
50. ~A2!

From Eq. ~A2!, P5qL/3, and from Eq. ~A1!, q
572hEI/L4. Therefore, the shortest beam which will b
brought into contact to the substrate with an angleu50 at its
tip is at

FIG. 9. Forces on the beam during the liquid drying process.
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L tip,05S 72EIh

q D 1/4

. ~A3!

Likewise, the shortest beam which will be brought in
contact at its tip with an angleu.0 is atL tip,c, where

L tip,c5S 8EIh

q D 1/4

. ~A4!

The uniform loadingq is calculated from the Laplace pre
sureq/w5g/r , whereg is the surface tension of the liquid
and r is the radius of the drop in Fig. 9. It is a simple ge
metrical exercise to show thatr 5(h/2 cosucr), whereucr is
the receding contact angle of water with the solid. Therefo

q/w52g cosucr /h. ~A5!

Finally,

L tip,05A3 L tip,c5S Et3h2

3g cosucr
D 1/4

. ~A6!

In Table II, we give some calculated lengths forL tip,0 and
L tip,c. The valuesE5170 GPa,g5gwater573 mN/m, w
520 mm, h51.8 mm, andt52.3 mm are assumed.

The analysis here provides an upper bound forL tip,0 and
L tip,c . In reality, factors such as support-post compliance
edge effects~such as the ‘‘inside meniscus’’13! will reduce
these values somewhat. Considering that in our experim
w511h, the effect of the ‘‘inside meniscus’’ will be small

APPENDIX B: CORRECTING THE VALUES OF G FOR
SUPPORT-POST COMPLIANCE

Knowing the deflections for the beams, we can take i
account the compliance of the step-up support post to
prove the values ofG. This is done by relaxing the constrain
that the constants of integration used to derive the deflec
curve Eq.~1! be zero. In these calculations, the 15mm length
of the support post was taken into account. The fact that
region was approximately twice as wide as the beam
also considered. The nonzero slope of the beam from
edge of the support post was set to the experimental va
Assigning the proper nonzero constants of integration,
matched the experimental deflections to calculated defl
tions. From this, the strain energy, and hence, the corre
values ofG were determined. The results are given in Ta
III. As expected, the values ofG corrected for the support
post compliance are smaller than the uncorrected values
the arc-shaped beam with the hydrophilic treatment, the
rection is approximately a factor of 2. However, for the oth
cases, the correction is 30% or less. This is to be expe
considering that only the former deviates significantly fro
the ideal deflections.
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